Oxidative stress-induced cell death leads to phosphorylation of 14-3-3ζ at serine 58. 14-3-3ζ is detected at signifi cant levels in cerebrospinal fl uid aft er kainic acid (KA)-induced seizures. Here we examined temporal changes in 14-3-3ζ phosphorylation in the hippocampus and amygdala of mice aft er KA treatment. Mice were killed at 2, 6, 24, or 48 h aft er KA (30 mg/kg) injection. We observed an increase in TUNEL and Fluoro-Jade B (FJB)-stained neurons in the hippocampus and amygdala of KA-treated mice. Phospho (p)-14-3-3ζ and p-JNK expression was increased in the hippocampus 2 and 6 h aft er KA treatment, respectively. In immunohistochemical analysis, p-14-3-3ζ-positive cells were present in the CA3 region of the hippocampus and the central nucleus of amygdala (CeA) of KA-treated mice. Th us, phosphorylation of 14-3-3ζ at serine 58 may play an important role in KA-induced hippocampal and amygdaloid neuronal damage.
Introduction
Kainic acid (KA) treatment induces seizures, followed by hippocampal cell death via oxidative stress (Evans et al., 1984) . This neuronal death following KA treatment may involve specific molecular pathways characterized by apoptosis (Savitz & Rosenbaum, 1998) . Control of the intrinsic cell death pathway likely involves pro-and antiapoptotic members of the Bcl-2 family, which integrate the stress signals that target mitochondria (Green & Reed, 1998) . Subsequently, mitochondrial release of apoptogenic factors 58 in the presence of sphingosine (Hamaguchi et al., 2003) . The interconvertible sphingolipid metabolites ceramide, sphingosine, and sphingosine-1-phosphate (S1P) regulate apoptosis and cell survival (Hait et al., 2006) . Sphingosine kinase (SK) phosphorylates sphingosine and controls cellular S1P levels (Okada et al., 2009) . A recent study suggested that S1P is important for triggering spontaneous glutamate secretion (Kajimoto et al., 2007) .
Studies of tissues obtained from autopsies and epilepsy surgery showed that amygdaloid damage is found in 10~76% of patients with temporal lobe epilepsy (TLE) (Miller et al., 1994) . Furthermore, many animal studies have provided substantial evidence that the amygdala is sensitive to status epilepticus-induced histopathological changes (Tuunanen et al., 1999) .
Th us, because KA-induced oxidative stress induces massive glutamate release and is followed by hippocampal cell death, we hypothesized that 14-3-3ζ phosphorylation at serine 58 may correlate with KA-induced neuronal cell death. In this study, we investigated the temporal dynamics of 14-3-3ζ phosphorylation and localization in the hippocampus and amygdala of mice aft er KA treatment.
Materials and Methods

Animals
Male ICR mice (4 weeks old) were purchased from KOATECH Co. (Pyeongtaek, South Korea) and were maintained in the animal facility at the Gyeongsang National University School of Medicine. Mice were treated in accordance with standard guidelines for laboratory animal care. All mice were provided with water and standard chow ad libitum for 1 week prior to any experimental procedures, and were allowed to acclimatize to their new surroundings.
Seizure induction
Mice were treated with an intraperitoneal injection of 30 mg/kg KA (Ascent Scientifi c, North Somerset, UK) emulsifi ed in 0.9% normal saline. All animals were seizure-naїve when tested. Mice in the control group (n=6) were injected with 0.9% normal saline. Seizure behavior was monitored for 2 h aft er KA injection. Animals in the experimental group (n=6) were sacrifi ced at 2, 6, 24, or 48 h aft er KA treatment.
Tissue preparation
For tissue analysis, animals (n=3 per group) were perfused transcardially with heparinized saline followed by 4% paraformaldehyde in 0.1 M phosphate-buff ered saline (PBS). Brains were postfi xed for 6 h, and then sequentially immersed in 0.1 M PBS containing 15~30% sucrose at 4 o C until they sank. Th e brains were cut into 40-μm coronal sections.
Fluoro-Jade B staining
Evaluation of KA-induced neuronal degeneration was performed using Fluoro-Jade B (FJB, Chemicon international, CA, USA) staining according to the manufacturer's instructions. FJB-positive, degenerating neurons were visualized using a fl uorescence microscope as glowing green cells. Th e number of FJB-positive, degenerating neurons was counted manually.
TUNEL staining
To examine the KA-induced neuronal cell death, TUNEL kit (Roche Molecular Biochemicals, Mannheim, Germany) staining was performed according to the manufacturer's instructions. TUNEL-positive neurons were visualized using a light microscope. The number of TUNEL-positive was counted manually.
Immunohistochemistry
Immunohistochemical staining was used to detect phospho (p)-14-3-3ζ. Briefly, free-floating sections were incubated with rabbit anti-p-14-3-3ζ antibody (diluted 1 : 500; Santa Cruz Biotechnology, CA, USA) overnight at 4 o C. After washing with 0.1 M PBS, sections were incubated for 1 h at room temperature with the appropriate secondary biotinylated antibody (1 : 200). Aft er washing, sections were incubated in an avidin-biotin-peroxidase complex solution (ABC solution, Vector Laboratories, CA, USA). Sections were developed with 0.05% diaminobenzidine (DAB, Sigma, CA, USA) containing 0.05% H 2 O 2 . Sections were mounted on gelatin-coated slides, warmer-dried, dehydrated through a graded series of alcohols, cleared in xylene, and coverslipped with Permount (Sigma). Digital images were captured and documented with a BX51 light microscope (Olympus, Tokyo, Japan).
Western blot analysis
For Western blot analysis, the brain was removed, and the hippocampus and amygdala were dissected. Frozen samples (n=3 per group) were transferred to sterile tubes containing 200 μL of lysis buff er (15 mM HEPES, pH 7.9, 0.25 M sucrose, 60 mM KCl, 10 mM NaCl, 1 mM EGTA, 1 mM PMSF, and 2 mM NaF). Homogenized tissues were incubated for 10 min on ice and then sonicated. Samples were centrifuged and supernatants were transferred to clean vials. Protein concentrations were quantified using the Bio-Rad protein assay (Bio-Rad, USA) and samples were stored at -80°C until analysis. For p-JNK (Cell Signaling Technology, MA, USA), total 14-3-3ζ (Santa Cruz Biotechnology) and p-14-3-3ζ protein analysis, tissue lysates (20 μg) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by electrophoretic transfer onto a polyvinylidene difluoride membrane (Millipore). The membranes were probed with each antibody and visualized using ECL substrate (Pierce, Rockford, IL).
Statistical analysis
Diff erences between time-dependent groups and controls were determined by one-way analysis of variance (ANOVA), followed by post hoc analysis using the Bonferroni t-test. Values are expressed as the mean±standard error of the mean (SEM). A P-value<0.05 was considered statistically signifi cant.
Results
Eff ect of KA treatment on neuronal death in the hippocampus and amygdala
We examined neuronal death in the KA-treated mice using TUNEL and FJB histofluorescence staining (Fig. 1) . In the KA-treated mice, TUNEL and FJB-positive cells were observed in the CA3 region of the hippocampus, the central nucleus of amygdala (CeA), and the basolateral nucleus of the amygdala (BLA) 48 h aft er KA treatment (Fig. 1B) . No FJBpositive cells were seen in the hippocampus of control mice (data not shown).
Eff ect of KA treatment on p-JNK expression in the hippocampus and amygdala
In a previous study, we found that the number of caspase-3-positive cells increases 6 h after KA induction (Lee et al., 2009) . This previous result suggests that KA-induced cell death begins at 6 h after the first KA injection. To evaluate the altered levels of p-JNK protein in the hippocampus and amygdala aft er KA treatment, we used Western blot analysis (Fig. 2) . From Western blot analysis of KA-treated mice, JNK phosphorylation was increased in the hippocampus 6 h aft er KA injection (Fig. 2A) . Th e anti-p-JNK antibody recognized two p-JNK bands of 46 kDa and 54 kDa. The 54 kDa band was increased more than the 46 kDa band (P=0.043) (Fig.  2A) . However, there was no statistically signifi cant change in p-JNK expression in the amygdala (Fig. 2B) . Temporal changes in hippocampal p-14-3-3ζ expression aft er KA treatment
To examine the temporal dynamics of p-14-3-3ζ expression and localization in the hippocampus during KAinduced excitotoxicity, we used immunohistochemistry and Western blot analysis (Fig. 3) . KA-treated mice showed p-14-3-3ζ-immunostained cells in the CA3 region of the hippocampus 2 h aft er KA treatment (Fig. 3A) . Western blot analysis showed that the levels of p-14-3-3ζ protein expression were significantly upregulated 2 h after KA treatment and thereaft er its expression was maintained (Figs. 3B and C). 
Temporal changes in amygdaloid p-14-3-3ζ expression aft er KA treatment
We also examined the temporal dynamics of p-14-3-3ζ expression and localization in the amygdala during KA-induced excitotoxicity (Fig. 4) . Many p-14-3-3ζ-immunostained cells were seen in the CeA 2 h after KA treatment except the BLA where we expected to see in KAtreated mice (Fig. 4A) . Western blot analysis showed that the levels of p-14-3-3ζ protein expression were significantly upregulated 6 h after KA treatment and thereafter its expression was maintained (Fig. 4B ).
Discussion
In a recent study, phosphorylation of 14-3-3ζ at serine 58 was suggested to lead to oxidative stress-induced cell death. In our current study, we demonstrated that serine 58 phosphorylation of 14-3-3ζ and neurodegeneration were increased in the hippocampus and amygdala of mice after KA injection. P-14-3-3ζ-immunoreactivity in the hippocampus and CeA of KA-treated mice was consistent with TUNEL and FJB-staining results. However, TUNEL and FJB-staining results were not consistent with the p-14-3-3ζ-immunoreactivity in the BLA. Th us, our results suggest that phosphorylation of serine 58 in 14-3-3ζ in the hippocampus and CeA may play an important role in neurodegeneration aft er KA-induced oxidative stress.
It is well known that temporal lobe limbic structures are the most susceptible regions to seizurogenic insults. Th us, TLE is the most common form of epilepsy in humans (Pitkänen & Sutula, 2002) . Both the hippocampus and the amygdala display extensive neuropathology in patients with TLE (Pitkänen et al., 1998) . In an animal study examining diff erent injections of KA, both intra-amygdala microinjection and intra-peritoneal injection induce neuronal death in the amygdala and hippocampus (Tuunanen et al., 1999; Mouri et al., 2008) . In the amygdala complex, the higher sensitivity of BLA to KA-induced damage may be related to the direct toxic eff ects of KA on the amygdaloid neurons in areas that are rich with KA receptors (Tuunanen et al., 1999) . A recent report demonstrated that neuronal degeneration in the BLA is greater than in the hippocampus (Aroniadou-Anderjaska et al., 2009) . In the hippocampus, we previously demonstrated that the number of caspase-3 and FJB -positive cells increases 6 h aft er KA induction (Kwag et al., 2008; Lee et al., 2009; Lee et al., 2010) . In the present study, we showed that TUNEL and FJB-positive cells in the hippocampus, CeA, and BLA were increased after KA treatment. This data indicates that KA treatment induces neuronal damage in the amygdala as well as in the hippocampus.
c-jun N-terminal kinases (JNKs) play a fundamental role in (C) p-14-3-3ζ was normalized to 14-3-3ζ and represented as a ratio. Data are presented as the mean±SEM. *indicates P<0.05. Scale bar=100 μm.
14-3-3ζ and neurodegeneration in KA-induced cell death (Mielke et al., 1999) . Th is JNK activation increases and reaches a maximum 6~12 h after KA injection. Another recent study showed that a high number of p-JNK-positive cells in the CA3 region 3~6 h following treatment (Spigolon et al., 2010) . Furthermore, treatment with the peptide D-JNKI1, a competitive JNK inhibitor, reduced the number of degenerating neurons in the hippocampus during status epilepticus (Spigolon et al., 2010) . In our current study, we found that in contrast to JNK phosphorylation in the hippocampus, there was no statistically signifi cant change in JNK phosphorylation in the amygdala. This observation suggests that oxidative stressinduced cell damage in the amygdala may be not greater than in the KA-treated hippocampus. JNK-mediated phosphorylation of 14-3-3 induces the release of Bax from 14-3-3 and leads to apoptosis (Tsuruta et al., 2004) . This JNK-mediated phosphorylation of 14-3-3β and 14-3-3ζ was found to occur at the previously identified phosphorylation sites; serine 186 of 14-3-3β and serine 184 of 14-3-3ζ (Aitken et al., 1995; Tsuruta et al., 2004) . In particular, phosphorylation of serine 58 releases apoptosis signal-regulating kinase1 (ASK1) from 14-3-3ζ, and ASK1 then activates stress-activated protein kinase, leading to cell death (Zhang et al., 1999; Zhou et al., 2009 ). 14-3-3ζ at serine 58 has been shown to be phosphorylated by a SDK1 (Megidish et al., 1998) . S1P, which is one of SDK1-mediated sphingosine metabolites, is important for triggering spontaneous glutamate secretion and regulates apoptosis and cell survival (Kajimoto et al., 2007) . Our recent previous study showed that the expression of SK1 and S1P receptor 1 (S1P1) proteins steadily increases in the hippocampus aft er KA treatment (Lee et al., 2010) . Th e increase of SK1-dependent S1P1 activation is correlated with depolarization-induced glutamate secretion. Th us, we suggest that upregulation of phosphorylation of 14-3-3ζ at serine 58 may be associated sphingosine-mediated glutamate excitoxicity in this animal model.
In patients with TLE, hippocampal 14-3-3ζ levels are higher than in controls (Schindler et al., 2006 ). 14-3-3ζ is detected at significant levels in cerebrospinal fluid (CSF) sampled 4 h after seizures compared with almost no expression of 14-3-3ζ in control CSF (Murphy et al., 2008) . These studies suggested that the presence of 14-3-3ζ within CSF might be a biomarker of acute seizure damage. In general, the BLA in the amygdala complex is involved with neurodegeneration during KA-induced cell death (Aroniadou-Anderjaska et al., 2009) . Th ere is a report that the overall severity of neuronal damage in the CeA of KA-treated mice was mild in the other amygdaloid regions (Tuunanen et al., 1999) . However, we found a signifi cant increase in p-14-3-3ζ-positive cells in the CeA after KA treatment. There was no detection of p-14-3-3ζ-positive cells in the BLA. The reason for difference of p-14-3-3ζ-immunoreactivity and neuronal damage between the CeA and the BLA aft er KA treatment is uncertain. Th us, we suggest that oxidative stress-dependent phosphorylation of 14-3-3ζ at serine 58 might be play an important role in neuronal damage through neural network between the CeA and the hippocampus aft er KA-induced excitotoxicity, but not BLA.
In summary, our results first confirmed that phosphorylation of 14-3-3ζ at serine 58 is increased in an animal model of KA-induced seizures. This 14-3-3ζ phosphorylation was upregulated in the hippocampus, and coincided with increased numbers of FJB-positive neurons after KA treatment, but these observations were not seen in the amygdala. Th us, our data suggest that further study of the actual mechanism for the regulation of phosphorylation of 14-3-3ζ at serine 58 is needed for the understanding of oxidative stress-induced neuronal damage and neurodegenerative disorders.
